Thyroid-associated orbitopathy (TAO) is an autoimmune process associated with systemic thyroid disease,^[@i1552-5783-58-14-6146-b01],[@i1552-5783-58-14-6146-b02]^ most commonly Graves\' disease (GD) and Hashimoto\'s thyroiditis, but also hypothyroidism, and even euthyroidism in some cases.^[@i1552-5783-58-14-6146-b03],[@i1552-5783-58-14-6146-b04]^ Expansion of the orbital tissue volume (extraocular muscles and adipose tissue) surrounding the eye may lead to exophthalmos, exposure keratopathy, and vision-threatening compressive optic neuropathy.^[@i1552-5783-58-14-6146-b01],[@i1552-5783-58-14-6146-b02],[@i1552-5783-58-14-6146-b05]^

The pathogenesis of TAO is initiated by an autoimmune cascade in which autoantibodies against thyroid-stimulating hormone receptor (TSHR) and insulin-like growth factor 1 receptor (IGF-1R) cross-react with orbital fibroblasts.^[@i1552-5783-58-14-6146-b06]^ Activated orbital fibroblasts release chemokines, including IL-6, IL-4, IL-16, IL-1B, and monocyte chemotactic factor-1 (MCP-1), which further recruit T lymphocytes to the orbit.^[@i1552-5783-58-14-6146-b07]^ Immunohistochemical studies have demonstrated the presence of infiltrating lymphocytes (predominantly T lymphocytes) and hyaluronan deposition in muscle and adipose tissue of patients with TAO.^[@i1552-5783-58-14-6146-b08][@i1552-5783-58-14-6146-b09]--[@i1552-5783-58-14-6146-b10]^ Interleukin-6 has also been shown to elicit an increase in TSHR expression on orbital fibroblasts^[@i1552-5783-58-14-6146-b11]^ as well as to program maturation and antibody production in plasma cells.^[@i1552-5783-58-14-6146-b12]^ Meanwhile, IL-4 can induce the differentiation of naïve helper T cells into TH2 cells, mediating the immune response.^[@i1552-5783-58-14-6146-b13]^ Monocyte chemotactic factor-1 is a potent chemoattractant that can promote the infiltration of mononuclear cells into the orbital fat pad in patients with TAO.^[@i1552-5783-58-14-6146-b14]^ As a result, infiltrating lymphocytes can activate the orbital fibroblasts to upregulate secretion of other proinflammatory cytokines, modulate gene expression, and lead to increased cell proliferation, adipogenesis, and production of glycosaminoglycans.^[@i1552-5783-58-14-6146-b15],[@i1552-5783-58-14-6146-b16]^ Although the inflammatory response is well outlined, the pathophysiology of TAO has not been completely elucidated and the variability in disease course and presentation still remains elusive.^[@i1552-5783-58-14-6146-b17],[@i1552-5783-58-14-6146-b18]^

The disease risk, course, and severity of TAO can be influenced by numerous genetic, epigenetic, and environmental factors.^[@i1552-5783-58-14-6146-b01],[@i1552-5783-58-14-6146-b19],[@i1552-5783-58-14-6146-b20]^ Several genetic risk factors for TAO have been identified, including polymorphisms in human leukocyte antigen-DR3 (HLA-DR3),^[@i1552-5783-58-14-6146-b21]^ cytotoxic T lymphocyte antigen (CTLA-4),^[@i1552-5783-58-14-6146-b22]^ receptors for the interleukin family of cytokines,^[@i1552-5783-58-14-6146-b23],[@i1552-5783-58-14-6146-b24]^ and toll-like receptors.^[@i1552-5783-58-14-6146-b25]^ Many genetic variations that have been identified in TAO are in the immunomodulatory genes, which are also associated with GD.^[@i1552-5783-58-14-6146-b19]^ The subsets of individual genes that are specifically responsible for the local autoimmune process of TAO remain elusive.^[@i1552-5783-58-14-6146-b01],[@i1552-5783-58-14-6146-b26]^ Other than genetic factors, epigenetic factors have also been implicated in both GD and TAO. For example, more skewing of X chromosome inactivation was found in patients with autoimmune thyroid disease than in control patients.^[@i1552-5783-58-14-6146-b27]^ Because X chromosome inactivation only happens in females (2 X chromosomes), this mechanism may partially explain the fact that there is a higher risk of GD and TAO in females than males.^[@i1552-5783-58-14-6146-b27],[@i1552-5783-58-14-6146-b28]^ Environmental factors also play important roles in both GD and TAO.^[@i1552-5783-58-14-6146-b29]^ Smoking is a well-documented risk factor for TAO with a relative risk of 7.7 for TAO but only 1.9 for GD,^[@i1552-5783-58-14-6146-b30]^ and it has been shown that smokers have increased soluble intercellular adhesion molecule-1 (sICAM-1) and decreased soluble vascular adhesion molecule-1 (sVCAM-1) levels.^[@i1552-5783-58-14-6146-b31]^ There is a significant increase in the odds ratios of risk for severe TAO in patients who smoke.^[@i1552-5783-58-14-6146-b30],[@i1552-5783-58-14-6146-b32][@i1552-5783-58-14-6146-b33]--[@i1552-5783-58-14-6146-b34]^ In addition, infectious agents, such as *Yersinia enterocolitica*, can express proteins similar to the leucine-rich domain of the TSHR of the host.^[@i1552-5783-58-14-6146-b35]^ It has been shown that B cells exposed to the bacterial antigen can also cross-react with similar domains on endogenous receptors (such as TSHR), which may lead to the development of autoimmune disease, such as GD and TAO.^[@i1552-5783-58-14-6146-b36]^ Thus, GD and TAO are associated with many different genetic, epigenetic, and environmental factors.

To better understand which factors may be implicated in disease onset and severity, several gene expression profiling studies using microarray have been performed for TAO.^[@i1552-5783-58-14-6146-b17],[@i1552-5783-58-14-6146-b37],[@i1552-5783-58-14-6146-b38]^ Many signaling pathways, such as IGF-1 and WNT signaling, have been associated with the development of TAO.^[@i1552-5783-58-14-6146-b37]^ Interestingly, previous studies have only focused on the whole orbital adipose tissue rather than isolating the stem cell population in these tissues.^[@i1552-5783-58-14-6146-b17],[@i1552-5783-58-14-6146-b37],[@i1552-5783-58-14-6146-b38]^ White adipose tissue is composed of adipocytes, fibroblasts, macrophages, adipose stem cells, neuronal cells, and endothelial cells from blood vessels. Gene expression studies of whole adipose tissue in autoimmune diseases may not filter out the differential gene expression profiles arising from the mesenchymal stem cell (MSC) fraction because of the overwhelming inflammatory response in the tissue. In fact, growing evidence indicates that local and systemic stem cells play important roles in the pathogenesis of numerous autoimmune diseases.^[@i1552-5783-58-14-6146-b16],[@i1552-5783-58-14-6146-b39][@i1552-5783-58-14-6146-b40]--[@i1552-5783-58-14-6146-b41]^ Genetic profiling of MSCs derived from patients with systemic lupus erythematosus has shown differential expression of genes involved in actin skeleton, focal adhesion, tight junction, and TGF-b pathway compared with healthy controls.^[@i1552-5783-58-14-6146-b40]^ In patients with psoriasis, dermal mesenchymal stem cells (DMSCs) showed an upregulation of genes involved in cell proliferation, downregulation of genes related to development, and a differential expression of genes involved in angiogenesis.^[@i1552-5783-58-14-6146-b41]^ In addition, a comparison between orbital fibroblasts and OASCs from patients with TAO suggests that the OASCs may represent a unique subpopulation of cells within the fibroblasts that have greater multipotency and a potentially immunomodulatory role.^[@i1552-5783-58-14-6146-b42]^ Despite research on alterations in the local stem cell population in many other autoimmune diseases, we are not aware of any previous genetic profiling studies that have been performed on the OASC from TAO patients.

Recently, our group has isolated and characterized mesenchymal progenitor cells from human orbital adipose tissue.^[@i1552-5783-58-14-6146-b43]^ Orbital adipose-derived stem cells from orbital adipose tissue can differentiate into several cell lineages, including vascular endothelial cells, chondrocytes, osteocytes, and adipocytes.^[@i1552-5783-58-14-6146-b43]^ Therefore, we hypothesize that there are intrinsic modifications that take place at the cellular and genetic levels in the OASC populations derived from TAO patients and that the analysis of the differences in these OASC from TAO patients and controls might elucidate additional mechanisms that could be involved in the pathogenesis of TAO.

Materials and Methods {#s2}
=====================

Human Adipose Tissue Collection {#s2a}
-------------------------------

Samples were collected from orbital fat from control patients undergoing eyelid surgery and TAO patients undergoing orbital decompression. All patients were consented; the study was approved by the University of Miami institutional review board (protocol 20110692) and followed the tenets of the Declaration of Helsinki. Samples were adequately preserved on ice and transported within 4 hours to the laboratory and processed upon receipt.

We recruited a total of nine patients, five cases (2 patients undergoing surgery for compressive optic neuropathy and 3 for orbital rehabilitation) and four controls without history of TAO ([Table 1](#i1552-5783-58-14-6146-t01){ref-type="table"}). A chart review was performed to assess relevant patient information, including clinical activity score (CAS), smoking history, previous treatment received for orbital disease, medical co-morbidities, treatment of thyroid disease, thyroid stimulating immunoglobulin (TSI) and race.

###### 

Demographic Information on the Patients Included in the Study.

![](i1552-5783-58-14-6146-t01)

Cell Isolation {#s2b}
--------------

The cell isolation was performed as we have previously described.^[@i1552-5783-58-14-6146-b43]^ Briefly, after washing three times with PBS containing 50-μg/mL gentamicin and 1.25-μg/mL amphotericin B, fat tissues are cut into pieces of less than 5 mm in size. The same weight of tissues 0.5% (wt/vol) is subjected to digestion with 1 mg/mL of Col I (Worthington Biochemical Corp, Lakewood, NJ, USA) in a modified embryonic stem cell medium (MESCM)18 (Invitrogen, Carlsbad, CA, USA) or Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen) containing 10% fetal bovine serum (FBS) for 3 hours on a shaker with intermittent manual shaking every 20 minutes and vigorous manual shaking for 10 seconds at the end of 3 hours before centrifugation at 300*g* for 5 minutes to collect cell pellets. Cut tissues are also digested with 1 mg/mL of Col A (Roche, Risch-Rotkreuz, Switzerland) in DMEM for 4 hours at 37°C. Digested tissues are pipetted up and down 10 times before centrifugation at 300*g* for 5 minutes to remove floating adipocytes. The pellets are resuspended in MESCM and filtered through a 70-μm nylon strainer (BD Bioscience, Franklin Lakes, NJ, USA) to yield cells in the flow through as stromal vascular fraction (SVF). Cells in SVF are treated with red cell blood cells lysis buffer to remove red blood cells and with 0.25% trypsin-EDTA to yield a single cell suspension at 37°C for 5 minutes.

Trilineage Differentiation {#s2c}
--------------------------

For assays of adipogenesis or osteogenesis, expanded single cells during passages three to five were seeded at the density of 2.5 × 104 cells/cm^2^ in 24-well plates in DMEM with 10% FBS. At 90% confluence, the medium was switched to the adipogenesis differentiation medium or the osteogenesis differentiation medium, respectively (Invitrogen) and changed every 3 days. After 21 days of culturing, cells were fixed with 4% formaldehyde and stained with oil red O for adipocytes by adipogenesis Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA) or with 2% Alizarin Red for osteocytes following the manufacturer\'s protocol. Cells with oil droplet stained by Oil Red were quantified by measuring at OD at 492 nm in triplicate cultures. Mineralized cells with positive Alizarin Red staining (Alfa Aesar, Tewksbury, MA, USA) were quantified by measuring OD at 405 nm in triplicate cultures.

For the chondrogenesis assay, pellets were prepared by spinning down 1 × 105 cells and incubating in a 15-mL conical tube in chondrogenesis differentiation medium (Invitrogen) with the medium changed every 3 days. After 28 days of culturing, cells were fixed with 4% formaldehyde, and stained with Alcian Blue (Merck, Darmstadt, Germany).

RNA Sequencing {#s2d}
--------------

RNA was extracted from passages three to five OASC cells expanded from stromal vascular fraction (SVF) with a combination of TriZol and the RNeasy Mini RNA isolation kit (QIAGEN, Valencia, CA, USA). RNA-seq libraries were prepared using the TruSeq Stranded Total RNA prep kit with Ribo-Zero Gold to remove cytoplasmic and mitochondrial rRNA according to the manufacturer\'s recommendation (Illumina, San Diego, CA, USA). The stem cell RNA-seq libraries were run on an Illumina NextSeq 500 sequencing instrument according to the protocols described by the manufacturer (Illumina). Reads were aligned using STAR, data quality was assessed using FastQC and RSeQC, and differential gene expression was determined using both EdgeR and DESeq2. Genes that were differentially expressed according to both EdgeR and DESeq2 were used for downstream analyses. Those differentially expressed genes with a *P* less than 0.005 a fold change greater than 1.5 were selected for further evaluation ([Table 2](#i1552-5783-58-14-6146-t02){ref-type="table"}).

###### 

Upregulated and Downregulated Genes in OASC Derived From TAO Patient\'s Orbital Fat Tissue Compared With Controls, as Analyzed Using RNA-Seq
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Quantitative Real-Time PCR {#s2e}
--------------------------

Total RNA was extracted from passages three to five OASC cells expanded from SVF with a combination of TriZol and the RNeasy Mini RNA isolation kit (QIAGEN) and reverse-transcribed to complementary (c)DNAs by high-capacity cDNA transcription kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR (qPCR) was performed in triplicate. The qPCR amplification of different genes was done in a 20-μL solution containing cDNA, primers and sybr green master Mix (Applied Biosystems). The primers used for RT-PCR analysis were listed ([Table 3](#i1552-5783-58-14-6146-t03){ref-type="table"}). All quantitative real-time PCR was performed using the 7300 Real-time RT-PCR system (Applied Biosystems) according to the manufacturer\'s description using the following thermocycler parameters: 10 minutes of initial activation at 95°C, 40 cycles of 15-seconds denaturation at 95°C, and 1-minute annealing and extension at 60°C. The relative gene expression data was analyzed by the comparative CT method (ΔΔCT). The results were normalized to an internal control.

###### 

List of Primers Used for RT-PCR Analysis

![](i1552-5783-58-14-6146-t03)

Phenotypic Characterization {#s2f}
---------------------------

Immediately after isolation, cells from SVF were dried to adhere on the slides and fixed with 100% cold methanol at 20°C. Alternatively, cells freshly isolated or undergoing serial passages were treated with trypsin-EDTA at 37°C for 10 minutes and centrifugation at 55*g* for 8 minutes at the density of 2 to 4.0 × 104 cells/chamber using Cytofuge (StatSpin, Inc., Norwood, MA, USA). The cytospin preparation was dried at room temperature for 5 minutes and then fixed with either 100% cold methanol at −20°C or 4% paraformaldehyde for 15 minutes at room temperature. For immunofluorescence staining, samples were permeabilized with 0.2% Triton X-100 in PBS for 15 to 30 minutes and blocked with 0.2% BSA in PBS for 1 hour at room temperature before the addition of the primary antibody overnight at 4°C. Primary antibodies used for staining are listed ([Table 4](#i1552-5783-58-14-6146-t04){ref-type="table"}). Isotype-matched nonspecific IgG antibodies were used as controls. Image analysis was performed using confocal laser microscopy (LSM700; Carl Zeiss, Inc., Thornwood, NY, USA).

###### 

List of Primary Antibodies Used for Staining
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Results {#s3}
=======

Characterization of OASCs by Stem Cell Markers {#s3a}
----------------------------------------------

The purpose of this study was to determine the molecular characteristics of OASC from TAO patients. We have previously demonstrated that OASC isolated from orbital adipose tissue express progenitor and stem cell markers.^[@i1552-5783-58-14-6146-b43]^ In the current study, immunofluorescence staining with stem cell markers was performed to characterize the OASCs of controls and TAO. The OASC expressed low levels of pluripotent stem cell markers (KLF4, OCT4, Nanog, and Sox2) ([Fig. 1](#i1552-5783-58-14-6146-f01){ref-type="fig"}A). However, high expression levels of mesenchymal stem cell markers (CD 90, Nestin, CD146, and PDGFR) were found in these OASCs, and were similar in both TAO and controls ([Fig. 1](#i1552-5783-58-14-6146-f01){ref-type="fig"}B). These data suggest that OASC may be progenitor cells for mesenchymal lineage.

![Immunofluorescence staining of OASC for stem cell markers from TAO and control. Orbital adipose-derived stem cells were stained with (A) pluripotent stem cell markers (KLF4, OCT4, Nanog, Sox2) and (B) mesenchyme stem cell markers (DC 90, Nestin, CD146, PDGFR) in samples from control adipose tissue. Left column has stem cell markers (green), the right column has the merged photographs, including stem cell markers (green), F-actin (marker for cytoskeleton, red), and 4′,6-diamidino-2-phenylindole (DAPI) (a marker for cell nuclei, blue).](i1552-5783-58-14-6146-f01){#i1552-5783-58-14-6146-f01}

OASC Differentiation Into Mesenchymal Lineages {#s3b}
----------------------------------------------

To further test the differentiation capacity of OASC as mesenchymal progenitor cells, OASC from TAO and controls were then differentiated into adipocyte, osteocyte, and chondrocyte lineages as described previously.^[@i1552-5783-58-14-6146-b43]^

OASC From TAO Patients Have a Higher Adipogenic Capacity {#s3c}
--------------------------------------------------------

We next compared the adipogenic capacity of OASC from TAO and control patients. Orbital adipose-derived stem cells were differentiated into adipocyte lineage by adipogenic cocktails, consisted of insulin dexamethasone and 3-isobutyl-1-methylxanthine or vehicle control (DMSO). Adipogenic cocktails are capable of inducing adipogenesis in vitro. After 21 days of culturing, by oil red O staining, we visualized and quantified the content of neutral lipid droplets in the adipocytes. Orbital adipose-derived stem cells from TAO patients demonstrated an increase in the adipogenesis capacity, as stained with oil red O and identified by their bright red color ([Fig. 2](#i1552-5783-58-14-6146-f02){ref-type="fig"}A). The stained oil red O was extracted with 100% isopropanol and quantified by the absorbance. Higher absorbance of extracted oil red O dye in the OASC from TAO patients suggested that OASC from diseased orbit had higher adipogenic differentiation capacity than controls ([Fig. 2](#i1552-5783-58-14-6146-f02){ref-type="fig"}A). Quantitative RT-PCR was used to confirm the upregulation in adipogenesis with the selected genes involved in the adipogenesis process. Three adipocyte differentiation markers (PPAR-g, C/EBP-a, and FABP4) were upregulated in the OASC from TAO patients when compared with controls ([Fig. 2](#i1552-5783-58-14-6146-f02){ref-type="fig"}B). These obtained data suggested that OASC from diseased orbit have a higher adipogenic capacity.

![Adipocyte differentiation and cellular characterization. (A) Orbital adipose-derived stem cells cell culture samples from TAO and controls patients were differentiated into adipocyte lineage. Representative images of lipid droplet stained with Oil Red O in differentiated OASC are shown. (B) Quantitative RT-PCR was used to confirm upregulation in adipogenesis with the selected genes involved in the adipogenesis process. The three genes selected PPAR-g, C/EBP-a, and FABP4 were assayed (\*P \< 0.05, \*\*P \< 0.01).](i1552-5783-58-14-6146-f02){#i1552-5783-58-14-6146-f02}

OASC From TAO Have a Lower Osteogenic Capacity {#s3d}
----------------------------------------------

Furthermore, we compared the osteogenic capacity of OASC from TAO and control patients. Orbital adipose-derived stem cells were differentiated into osteocyte lineage by switching to osteocyte differentiation medium. After 21 days of culturing, osteogenesis was assayed by Alizarin Red S staining for intracellular calcium levels. Orbital adipose-derived stem cells from TAO patients demonstrated a decrease in the osteogenic capacity, as stained with Alizarin Red S and identified by the red color ([Fig. 3](#i1552-5783-58-14-6146-f03){ref-type="fig"}A). To quantify the levels of osteogenesis, Alizarin Red S was extracted and detected calorimetrically by absorbance. Orbital adipose-derived stem cells from TAO patients demonstrated a decrease in the osteogenesis capacity, as indicated by quantification of Alizarin Red S staining ([Fig. 3](#i1552-5783-58-14-6146-f03){ref-type="fig"}A). Quantitative RT-PCR was used to assay osteogenesis with the selected genes *CBFA*, osteopotin, and osteocalcin. All the osteogenesis markers were downregulated in the OASC from TAO patients when compared with controls ([Fig. 3](#i1552-5783-58-14-6146-f03){ref-type="fig"}B). These results indicated that OASC from TAO might have a lower osteogenic capacity.

![Osteocyte differentiation of OASC. (A) Alizarin Red S staining for osteogenesis in OASC cell culture sampled from TAO and controls patients. (B) Quantitative RT-PCR was used to confirm upregulation of osteogenesis with the selected genes CBFA, Osteopotin, and Osteocalcin. \*P \< 0.05.](i1552-5783-58-14-6146-f03){#i1552-5783-58-14-6146-f03}

OASC From TAO Have a Lower Chondrogenic Capacity {#s3e}
------------------------------------------------

Then we compared the chondrogenic capacity of OASC from TAO and control patients. Similarly, OASC were differentiated into chondrocyte lineage by switching to chondrocyte differentiation medium. After 28 days of culturing, chondrogenesis was assayed by Alcian Blue staining for acidic polysaccharides. Orbital adipose-derived stem cells cell culture samples from TAO patients demonstrated a decreased staining with Alcian Blue ([Fig. 4](#i1552-5783-58-14-6146-f04){ref-type="fig"}A). Quantitative RT-PCR was used to assay chondrogenesis with the selected genes Collagen X and Collagen 2. Both of the chondrogenesis markers were downregulated in the OASC from TAO patients when compared with controls ([Fig. 4](#i1552-5783-58-14-6146-f04){ref-type="fig"}B). These data indicated that OASC from TAO might have a lower chondrogenic capacity.

![Chondrocyte differentiation of OASC. (A) Alcian Blue staining for chondrogenesis assay in OASC cell culture samples from TAO and controls patients. (B) Quantitative RT-PCR was used to confirm upregulation of chondrogenesis genes Collagen X and Collagen 2. \*P \< 0.05.](i1552-5783-58-14-6146-f04){#i1552-5783-58-14-6146-f04}

Gene Expression Profiling of OASC From TAO Patients by RNA Sequencing Analysis {#s3f}
------------------------------------------------------------------------------

Last, we aimed to identify differentially expressed genes of OASC isolated from TAO patients\' orbital fat. The patients were classified according to the presence or absence of compressive optic neuropathy at the time of surgery (3 decompressions were performed for orbital rehabilitation; [Table 1](#i1552-5783-58-14-6146-t01){ref-type="table"}). After isolation and expansion of OASC from TAO and control tissues, total messenger RNA sequencing was performed and analyzed. Differentially regulated genes with a *P* less than 0.005 (*n* = 156) were used for gene ontology analysis ([Table 2](#i1552-5783-58-14-6146-t02){ref-type="table"}) and were plotted in a heatmap ([Fig. 5](#i1552-5783-58-14-6146-f05){ref-type="fig"}A). The top five gene ontology results were tissue development, regulation of multicellular organismal development, extracellular space, cell development, and system process (false discovery rate \[FDR\] \< 0.001), which are all consistent with TAO adipose stem cells being actively involved in altering the tissue structure of the orbital fat pockets.

![RNA-sequencing analysis of OASC from TAO patients. RNA sequence analysis was performed with the OASC from TAO patients and controls. From the genes that showed differential expression, the ones with P \< 0.005 (n = 156) were plotted in a heatmap (A) and in a table (B). Reverse transcription PCR results from differentially expressed genes in RNA sequencing analysis comparing controls and TAO cases. Reverse transcription PCR results from three upregulated genes DSC3B, HoxB2, and KCNA4 (C) and two downregulated genes ZIC45 and WNT16 (D) \*P \< 0.05, \*\*P \< 0.01.](i1552-5783-58-14-6146-f05){#i1552-5783-58-14-6146-f05}

For further analysis, a more stringent filter was used (*P* \< 0.0005 and fold change \> 1.5) to identify the most promising genes that may be involved in promoting these alterations. Out of 54 genes that were selected with these inclusion criteria, four *HOX* family genes were upregulated (*IRX1*, *HOXB2*, *HOXB3*, *HOXB3-AS1*) and two genes in the WNT signaling pathways (*WNT16*, *WISP1*), three *ZIC* genes (*ZIC4*, *ZIC2*, *ZIC5*), and one *HOX* gene (*MSX2*) were downregulated.

Discussion {#s4}
==========

In this study, we report the differential gene expression profiling of OASC from TAO patients and controls. While our data revealed several differentially expressed gene profiles between diseased and control patients, we found that genes related to developmental morphogenesis and lineage commitment were predominantly dysregulated in TAO. Unlike previous gene expression profiling studies that analyzed orbital fat pads and extraocular muscle,^[@i1552-5783-58-14-6146-b17],[@i1552-5783-58-14-6146-b38],[@i1552-5783-58-14-6146-b44]^ the current study did not detect any significant different expression in genes related to inflammation (RNAseq dataset, [Table 2](#i1552-5783-58-14-6146-t02){ref-type="table"}). These findings suggest that our data may reveal the intrinsic cellular characteristics of the stem cell niche that are otherwise masked by the massive immunogenic response in the tissue from TAO patients. Extrinsic factors such as inflammatory cytokines are less likely to be detected by RNA-Seq because they are diluted over the passages in cell culture system. Our findings also suggested that the genetic expression differences in the stem cell populations of TAO might be related to developmental origins, such as *HOX* genes and early neural crest development. The top five gene ontology results identified from our RNA-Seq were tissue development, regulation of multicellular organismal development, extracellular space, cell development, and system process (FDR \< 0.001). These are all related to the developmental origins of OASC and may affect how these cells are implicated in tissue remodeling of the orbital fat pockets in TAO.

Loss of WNT Signaling in TAO Promotes Adipogenesis {#s4a}
--------------------------------------------------

Progenitor cells for neural crest lineage are capable of differentiating into adipocytes, osteocytes, and chondrocytes.^[@i1552-5783-58-14-6146-b45]^ Many intracellular signaling pathways tightly regulate these differentiation processes. It is well known that canonical WNT signaling regulates the neural crest progenitor cell fate.^[@i1552-5783-58-14-6146-b46]^ Similarly, activation of WNT/Beta-catenin pathway will suppress commitment to the adipocyte lineage while promoting differentiation into osteocytes by stimulating Runx2 expression.^[@i1552-5783-58-14-6146-b47],[@i1552-5783-58-14-6146-b48]^ Previous gene expression profiling studies using whole orbital fat pads have also identified dysregulation of *WNT* in TAO patients.^[@i1552-5783-58-14-6146-b37],[@i1552-5783-58-14-6146-b49]^ The OASC compartment represents the stem/progenitor cell population of orbital fat and only account for a small portion of cells in the orbital fat pad. Our results demonstrated that *WNT* signaling was significantly suppressed in the OASC populations derived from TAO patients. Downregulation of *WNT* signaling pathways in the OASC from TAO patients can lead to the expansion of a cell population committed to the adipocyte lineage and eventually to the hypertrophy of the orbital fat pads ([Fig. 6](#i1552-5783-58-14-6146-f06){ref-type="fig"}). The changes in the cell lineage commitment also correlates with our finding that OASC populations derived from TAO patients have an increased adipogenic potential and a decreased osteogenic and chondrogenic responses. Compared with previous gene expression profiling studies for WNT pathways, we found a novel dysregulated gene, Wnt1-inducible signaling pathway protein-1 (*WISP1*) in the OASC from TAO patients. The *WISP1* signaling pathway plays a key role in mesenchymal stem cell proliferation as well as adipogenesis.^[@i1552-5783-58-14-6146-b50]^ Recent studies suggest that *WISP1* is linked to obesity, inflammation, and insulin resistance.^[@i1552-5783-58-14-6146-b51]^ Future studies on *WISP1* dysregulation in the OASC populations derived from TAO patients might provide further insight into the pathophysiology of TAO.

![Model for the dysregulation of HOX genes and WNT signaling pathways: HOX genes: (A) canonical WNT signaling regulates the neural crest progenitor cell fate. In the normal OASC, activated WNT/Beta-catenin pathway can suppress commitment to the adipocyte lineage. However, in the OASC from TAO patients, downregulated WNT signaling pathway fail to suppress the adipogenesis pathways in normal OASC, leading to the upregulation of adipogenesis and adipose tissue hypertrophy in the TAO patients. (B) The anterior--posterior patterning of HOXB gene located on chromosome 11 is illustrated. The diencephalic and mesencephalic neural crest cells give rise to the connective tissues surrounding the eye, including the medial orbital fat pad. During normal development, HOX genes expression is normally absent in neural crest cells HOXB gene clusters are all gray to show that there is no expression. However, in the TAO patients, the red box indicated that the ectopic expression of HOXB gene.](i1552-5783-58-14-6146-f06){#i1552-5783-58-14-6146-f06}

Loss of Early Neural Crest Specifiers in OASC From TAO Patients {#s4b}
---------------------------------------------------------------

Interestingly, compared with adipose tissues in the other parts of the body, orbital fat seems to be the one most affected in TAO patients.^[@i1552-5783-58-14-6146-b52]^ Yet, it is still unknown why orbital fat pads show such vulnerability to the systemic immune response in TAO. Other than the tissue components and bony restrictive confines of the orbit, this phenomenon may be partially attributed to the unique developmental origin of orbital fat pads. While white adipose tissue was historically considered a homogeneous organ, recent studies indicate that white adipose tissue from each fat depot has its own unique developmental gene expression signature.^[@i1552-5783-58-14-6146-b53]^ As with general body patterning in vertebrates, analysis of specific developmental gene expression signatures in the various adipose deposits in the body reveals a strong correlation with site-specific members of the *HOX* gene family.^[@i1552-5783-58-14-6146-b53],[@i1552-5783-58-14-6146-b54]^ In addition, the medial fat pads of the upper eyelid and the lower eyelid fat pads are derived from the migrating cranial neural crest, while the central fat pad in the upper eyelid is derived entirely from mesoderm.^[@i1552-5783-58-14-6146-b55]^ The neural crest is a transient population of migrating cells induced at the boundary between the surface ectoderm and neural plate.^[@i1552-5783-58-14-6146-b56]^

Specification of early neural crest progenitor cells begins as early as the gastrula stage: the presumptive neural crest starts to develop at the edges of the neural plate with specification of the neural plate border between neural ectoderm and surface ectoderm.^[@i1552-5783-58-14-6146-b56],[@i1552-5783-58-14-6146-b57]^ As the neural tube forms, progenitors for the neural crest are specified in the dorsal edges of the invaginating neural tube. Later on, cranial neural crest cells undergo an epithelial-to-mesenchymal transformation, delaminate and migrate in a dorsal to ventral manner to produce craniofacial mesenchyme.^[@i1552-5783-58-14-6146-b58]^ These cells give rise to bone, cartilage, nervous structures, and adipose tissue of the face. To specify the neural plate border, signaling molecules like FGFs, WNTs, and bone morphogenetic proteins (BMPs) help establish the presumptive neural crest region.^[@i1552-5783-58-14-6146-b59]^ Later on, transcriptional factors such as presumptive neural crest specifier *PAX7*, *ZIC* genes, *MSX2* are activated for neural crest lineage specification.^[@i1552-5783-58-14-6146-b59]^ From our data, *WNT* signaling pathways (*WNT16*, *WISP1*), three *ZIC* genes (*ZIC4*, *ZIC2*, *ZIC5*), and one *HOX* gene (*MSX2*) are downregulated in TAO patients. This data could indicate that OASC derived from TAO inherit gene expression signatures with dysregulated neural crest cell developmental pathways, or that OASC reactivate a discordant developmental program in response to the autoimmune process. Regardless, downregulation of these early neural crest specifiers suggests that neural crest lineage specifiers are downregulated in OASC derived from TAO patients.

Ectopic Expression of HOX Genes in OASC From TAO Patients {#s4c}
---------------------------------------------------------

During the anteroposterior patterning in embryonic development, neural crest cells are induced along the axis, generating nested expression domains of homeobox genes according to their anteroposterior identities.^[@i1552-5783-58-14-6146-b60],[@i1552-5783-58-14-6146-b61]^ Derived from the most anterior segment, cranial neural crest cells give rise to several tissue types surrounding the eye, including bones, cartilage, and connective tissue.^[@i1552-5783-58-14-6146-b62][@i1552-5783-58-14-6146-b63]--[@i1552-5783-58-14-6146-b64]^ However, *HOX* gene expression is normally absent in neural crest cells derived from diencephalic, mesencephalic and metencephalic origin.^[@i1552-5783-58-14-6146-b65],[@i1552-5783-58-14-6146-b66]^ *HOXB2* and *HOXB3* are normally expressed up to the boundary between the second and third rhombomere in the hindbrain.^[@i1552-5783-58-14-6146-b67]^ Because the expression of *HOX* genes is tightly controlled during development, the ectopic expression of *HOXB2* and *HOXB3* in the OASC derived from TAO patients may be implicated in the pathogenesis and site-specificity of TAO ([Fig. 6](#i1552-5783-58-14-6146-f06){ref-type="fig"}). Among those developmental genes, *HOXB2* and *HOXB3* are transcriptional factors containing homeobox DNA-binding domains. They are important components of the developmental regulatory network that specifies cellular positions and identities along the anterior--posterior axis.^[@i1552-5783-58-14-6146-b66],[@i1552-5783-58-14-6146-b68]^ Moreover, Iroquois Homeobox 1 (*IRX1*) also belongs to the Iroquois homeobox protein family which is similarly involved in pattern formation during embryo development.^[@i1552-5783-58-14-6146-b69]^ Our results show significant dysregulation of *HOX* genes expression in the OASC populations derived from TAO patients. These intrinsic genetic and developmental changes might be implicated in orbital tissue susceptibility in TAO.

Cellular and Developmental Origins of OASC From TAO Patients {#s4d}
------------------------------------------------------------

Orbital adipose-derived stem cells from normal orbital fat pads and the medial eyelid fat are derived from the migrating cranial neural crest.^[@i1552-5783-58-14-6146-b55]^ Orbital adipose-derived stem cells are derived from cranial neural crest origin where *HOX* genes expression is normally absent.^[@i1552-5783-58-14-6146-b66]^ Meanwhile, these OASC typically express genes specifying early neural crest identifies, such as *PAX7*, *ZIC* genes, and *MSX2*.^[@i1552-5783-58-14-6146-b59]^ However, from our RNA-Seq data, OASC from TAO patients ectopically express *HOX* genes and present a diminished expression of early neural crest specifiers. The following two working models can explain these phenomena: the first model we propose is ectopic expression of *HOX* genes is due to dysregulation in intrinsic epigenetic modifications. In TAO, inflammatory process can activate transcription factors such as nuclear factor kappa-B, FOXP3, IRF, and STAT family proteins. These transcriptional factors can cause epigenetic alteration, including DNA methylation and histone modifications, which are critical in the inflammatory response.^[@i1552-5783-58-14-6146-b70]^ These could be attributed to changes of chromatin structure pertaining to the *HOX* gene locus in the OASC from TAO patients. Environmental factors, such as smoking, might affect the epigenetic regulation of *HOX* genes. Another model we propose is that those activated fibroblasts in orbital fat pad from TAO patients are derived from infiltrating fibrocytes, as fibrocytes have been shown to infiltrate the orbit in TAO.^[@i1552-5783-58-14-6146-b19],[@i1552-5783-58-14-6146-b71]^ These CD34+ infiltrating fibrocytes are monocyte-lineages progenitors from the bone marrow that have been found in many aspects of biological processes, such as wound healing, tissue remodeling, and immune functions.^[@i1552-5783-58-14-6146-b71][@i1552-5783-58-14-6146-b72]--[@i1552-5783-58-14-6146-b73]^ Because these CD34+ fibrocytes originate from bone marrow but not cranial neural crest, that may explain our data showing that OASC in patients with TAO ectopically express *HOX* genes usually found in the lower segment of the body but do not express early neural crest specifiers. Our results imply that the OASC from TAO patients are derived from hematopoietic lineage instead of neural crest lineages as in the normal orbital adipose tissue. In this case, our model about the involvement of fibrocytes in TAO not only can explain the cellular origin of OASC in TAO but also may shed light on general mechanism of the participation of fibrocytes in other types of autoimmune disease.

Limitations to this study include the small study size and inclusion of patients with both active TAO with compressive optic neuropathy, and patients undergoing orbital rehabilitative surgery. Further studies looking at these pathways stratified by clinical activity score, duration of disease and treatment modality may provide additional information on pathogenic progression. In the current study, subanalysis by these clinical factors did not yield meaningful alterations, likely because of the small study size. While the fact that we did not find a significant difference in gene expression patterns between these two subgroups is likely due to small sample size, it is also possible that activated fibroblasts are the common source that can cause Type 1 and Type 2 TAO by adipogenesis and fibrosis respectively. Our RNA-Seq data revealed mostly intrinsic developmental pathways rather than inflammation genes, and the pathways we found could be general mechanisms that contribute to both subtypes of TAO. Further analysis is necessary to better understand the role of these alterations based on disease subtype and activity.

In conclusion, analysis of the genetic alterations of the OASC, which may have unique multipotency and immunomodulatory roles**,** can provide a better understanding of the pathophysiology of TAO. Additional studies comparing the local stem cell population with the bone marrow MSC population may provide information regarding the homing of stem cells to areas of disease activity, such as has been well described in other autoimmune diseases.^[@i1552-5783-58-14-6146-b16],[@i1552-5783-58-14-6146-b40][@i1552-5783-58-14-6146-b41]--[@i1552-5783-58-14-6146-b42],[@i1552-5783-58-14-6146-b50]^ In addition, further analysis of novel dysregulated genes such as *WISP1* may elucidate key targets for therapy.
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